production by infiltrating natural killer (NK) cells within the brain and reduced liver pathology. To explore the underlying mechanisms associated with protection from disease in MHV-CXCL10-infected mice, the functional contributions of the NK cell-activating receptor NKG2D in host defense were examined. The administration of an NKG2D-blocking antibody to MHV-CXCL10-infected mice did not reduce survival, dampen IFN-␥ production in the brain, or affect liver pathology. However, NKG2D neutralization increased viral titers within the liver, suggesting a protective role for NKG2D signaling in this organ. These data indicate that (i) CXCL10 enhances innate immune responses, resulting in protection from MHV-induced neurological and liver disease; (ii) elevated NK cell IFN-␥ expression in the brain of MHV-CXCL10-infected mice occurs independently of NKG2D; and (iii) NKG2D signaling promotes antiviral activity within the livers of MHV-infected mice that is not dependent on IFN-␥ and tumor necrosis factor alpha secretion.
Viral infection often results in a rapid and coordinated immune response, culminating in the control of viral replication and limited pathology. Although numerous signaling pathways are elicited early following viral infection, chemokines are rapidly expressed in response to infection and represent a potentially important component of the innate immune response (6, 10, 19, 20, 39, 40) . In support of this possibility, we previously demonstrated that the CXC chemokine ligand 10 (CXCL10) is detected within 24 h following intracranial (i.c.) instillation of neuroadapted strains of the murine coronavirus mouse hepatitis virus (MHV), suggesting an important role for CXCL10 in the innate immune response (38) . CXCL10 is a potent chemoattractant for both activated T lymphocytes and natural killer (NK) cells by signaling through the receptor CXCR3, which is expressed on the surface of these cells (26, 32, 36, 37, 42) . Indeed, infection of Rag1 Ϫ/Ϫ mice with a recombinant MHV that generates functional CXCL10 (MHV-CXCL10) results in protection from disease that correlated with increased NK cell infiltration into the central nervous system (CNS), accompanied by a reduction in viral titers within the brain (38) . Treatment of MHV-CXCL10-infected mice with blocking CXCL10 antibody or depletion of NK cells enhanced viral recovery from the CNS (38) . The NK cell-mediated protection from disease correlated with elevated levels of gamma interferon (IFN-␥) within the brain, suggesting that CXCL10 signaling contributed to defense by attracting activated NK cells into the CNS. Antiviral effector properties of NK cells can be evoked through various signaling pathways. NKG2D is one such activating receptor expressed on NK cells. In mice, ligands for the NKG2D receptor include the retinoic acid early inducible-1 (RAE-1) proteins (RAE-1␣, RAE-1␤, RAE-1␥, RAE-1␦, and RAE-1ε), minor histocompatibility antigen H60, and murine UL16-binding protein-like transcript-1 (MULT1) glycoprotein. These ligands are expressed by cells undergoing cellular stress, such as viral infection, DNA damage, or transformation (2, 4, 5, 7-9, 12, 24) . The ligation of NKG2D by these molecules enhances NK cell cytolytic activity, cytokine production, and chemokine secretion, thereby providing defense against tumors and viral infection (2, 5, 8, 12, 24) . Highlighting the importance of NKG2D in antiviral host defense are studies demonstrating that mouse cytomegalovirus (MCMV) has successfully evaded recognition by the NKG2D receptor by its expression of several viral proteins that inhibit the expression of the NKG2D ligands in MCMV-infected cells (18, (23) (24) (25) .
The current study was undertaken to further define the mechanisms by which CXCL10 contributes to NK cell activation and host defense following viral infection. Specifically, the data presented extend our previous studies by examining defense in response to viral infection of both the brain and liver as well as determining whether NKG2D participates in CXCL10-mediated protection within the context of the innate immune response. The data presented indicate that NKG2D is not essential in the protection provided by CXCL10 within the brain following MHV-CXCL10 infection of SCID mice. In contrast, NKG2D signaling in the liver reduces the MHV-CXCL10 viral burden without affecting pathology. These studies demonstrate that NK cell protection afforded by CXCL10 expression differs depending on the organ and is partially NKG2D dependent in the liver.
MATERIALS AND METHODS
Mice and reagents. The generation of MHV-CXCL10 and control MHV has been previously described (38) . Both viruses originally were derived from the parental MHV-A59 strain, which is capable of replicating in the brain and liver following i.c. instillation into susceptible mice (22) . SCID mice (BALB/c, H-2 d background) were purchased from the National Cancer Institute. Mice were anesthetized by intraperitoneal (i.p.) injection with a 150-l mixture of ketamine hydrochloride (Ketaject; 100 g/ml; Phoenix, St. Joseph, MO) and xylazine hydrochloride (1.1 mg/ml; ICN Biomedical, Aurora, OH) in Hanks' balanced salt solution (HBSS). Anesthetized mice were injected i.c. with 1,000 PFU of MHV-CXCL10 or MHV suspended in 30 l of sterile HBSS. Sham-infected animals were injected with 30 l of sterile HBSS alone. Mice were sacrificed and perfused with sterile phosphate-buffered saline (PBS) on days 3 and 5 postinfection (p.i.), at which point brains and livers were removed for the determination of virus titers on a susceptible astrocytoma cell line (DBT) (14, 20) . The production of CX5 (a neutralizing, nondepleting rat anti-mouse NKG2D) monoclonal antibody (MAb) was performed as previously described, and saturated ammonium sulfate precipitation was performed to purify the antibody from the ascites fluid (29) . Small-molecular-weight proteins were removed by dialysis, and the antibody concentration was determined using a rat immunoglobulin G (IgG)-specific enzyme-linked immunosorbent assay (ELISA). MHV-CXCL10-infected SCID mice were treated i.p. 2 days before infection and 3 and 7 days p.i. with 100 g of CX5 or control rat IgG (Sigma-Aldrich, St. Louis, MO) suspended in 300 l of 1ϫ HBSS (Mediatech Inc., Herndon, VA).
Quantitative real-time PCR. Total RNA was extracted from homogenized liver and brain samples by using TRIzol reagent (Invitrogen, Carlsbad, CA), DNase treated, and purified via phenol-chloroform extraction. RNA was reverse transcribed by using a Moloney murine leukemia virus reverse transcriptase kit (Invitrogen, Carlsbad, CA) and random hexamers (Promega, Madison, WI). Quantitative real-time PCR was performed using a Bio-Rad (Hercules, CA) iCycler instrument according to the manufacturer's instructions. The real-time Taqman analysis for NKG2D ligand transcripts was performed using previously described primers and probes (13, 28, 29) . Probes were purchased from Integrated DNA Technologies (Coralville, IA), and primers were purchased from Invitrogen (Carlsbad, CA). Bio-Rad (Hercules, CA) iQ Supermix was used for the reactions. The cycling conditions used for the quantitative PCR were the following: 95°C for 4 min, followed by 40 cycles at 95°C for 30 s and at 58°C for 30 s. Data were analyzed by using the Bio-Rad (Hercules, CA) iCycler iQ version 3.0a software. Data were quantitated by using the relative expression software tool, version 2 (31) .
Pathology and immunohistochemistry. Brains and livers were removed at day 5 p.i. and placed in 5 ml of Formal-Fixx (ThermoShandon, Pittsburgh, PA) overnight at room temperature, after which portions of tissue were embedded in paraffin. Hematoxylin and eosin staining was performed on liver sections to reveal differences in inflammation. For each specimen, livers were evaluated for the degree of disease activity present. Lesions in each sample were scored according to a semiquantitative scoring system based on the evaluation of five parameters that were each graded on a 0 to 3 scale (0, none; 1, mild; 2, moderate; and 3, severe) (41) . The parameters that were scored included the degree of portal inflammation, the degree of sinusoidal inflammation, the presence and severity of endothelialitis, the degree of hepatocyte necrosis, and the presence of reactive hepatocytomegaly. The distribution of viral antigen was determined by immunoperoxidase staining (Vectastain-ABC kit; Vector Laboratories, Burlingame, CA) using the anti-MHV MAb J.3.3, which is specific for the carboxyl terminus of the viral nucleocapsid protein, as a primary antibody and horse anti-mouse IgG as the secondary antibody (Vector Laboratories, Burlingame, CA) (3). Serum alanine aminotransferase (sALT) concentrations were determined by using Infinity ALT (GPT) liquid stable reagent (Thermo, Noble Park, Victoria, Australia) according to the manufacturer's specifications.
Mononuclear cell isolation and flow cytometry.
Immunophenotyping of the cellular infiltrate present within brains and livers of infected mice was accomplished by homogenizing isolated tissue and generating a single-cell suspension for analysis by flow cytometry, as previously described (20) . Fc receptors were blocked by using 2.5 g/ml of anti-mouse CD16/CD32 MAb (2.4G2) (Pharmingen, San Diego, CA) in staining buffer (1ϫ PBS, 0.1 g/liter bovine serum albumin). Allophycocyanin (APC)-conjugated anti-CD49b MAb DX5 (Miltenyi Biotec, Bergisch Gladbach, Germany), fluorescein isothiocyanate-conjugated Armenian hamster anti-mouse CD3ε (BD Pharmingen, San Diego, CA), and phycoerythrin (PE)-conjugated rat anti-mouse NKG2D MAb CX5 (eBioscience, San Diego, CA) were used to detect NKG2D-positive NK cells. As controls, isotype-matched APC-, fluorescein isothiocyanate-, and PE-conjugated MAbs were used. Cells were incubated with MAbs for 30 min at 4°C, washed, and analyzed on a FACStar (BD Biosciences, Mountain View, CA). Data are presented as the percentage and total number of positive cells within the gated population. NKG2D receptor surface expression was determined by incubating cells with a biotin-conjugated NKG2D-specific antibody, MI-6 (16) (eBioscience, San Diego, CA), at 2.5 g/ml for 30 min at 4°C. Cells were washed and incubated with PE-conjugated streptavidin (eBioscience, San Diego, CA) at 1 g/ml for 30 min at 4°C. Cells were analyzed as described above, and data are presented as representative histograms with mean fluorescent intensities (MFI) indicated.
Intracellular IFN-␥ and granzyme B staining. Brain and liver single-cell suspensions were obtained as described above, and NK cells were stained using APC-conjugated anti-NKG2D MAb DX5 (eBioscience, San Diego, CA). The cells then were fixed and permeabilized by using a BD cytofix/cytoperm plus kit (BD Pharmingen, San Diego, CA). Cells were stained for intracellular IFN-␥ or granzyme B for 30 min at 4°C by using a PE-conjugated rat anti-mouse IFN-␥ (BD Pharmingen, San Diego, CA) or mouse anti-human granzyme B antibody (Invitrogen, Burlingame, CA). Nonreactive PE-conjugated rat IgG1 (BD Pharmingen, San Diego, CA) or mouse IgG1 antibody (Invitrogen, Burlingame, CA) was used as an isotype-matched Ig control. Samples were analyzed on a FACStar (BD Biosciences, San Jose, CA).
ELISA. Livers were removed and homogenized in 2 ml PBS supplemented with Complete Mini, EDTA-free protease inhibitor cocktail (two tablets in 14 ml PBS) (Roche, Mannheim, Germany). Supernatants were clarified by centrifugation. ELISAs were performed by using the Duoset mouse IFN-␥ ELISA kit (R&D Systems, Minneapolis, MN) and the mouse tumor necrosis factor alpha (TNF-␣) ELISA ready-set-go kit (eBioscience, San Diego, CA), as specified by the manufacturer, to determine the amounts of IFN-␥ and TNF-␣, respectively.
Statistical analysis. Statistically significant differences between groups of mice were determined by the t test using Sigma-Stat 2.0 software (Jandel, Chicago, IL), and P values of 0.05 or less were considered significant. Statistical analysis on survival was performed using the Fisher's exact test, and a two-tailed P value of Յ0.05 was considered significant (1, 21) .
RESULTS

Infection with MHV-CXCL10 increases survival of SCID mice.
To evaluate the role of CXCL10 in promoting innate host defense following infection with a murine coronavirus, a recombinant MHV was constructed with the coding sequence for CXCL10 inserted into open reading frame 4 within the viral genome (38) . The parental strain of MHV used to construct MHV-CXCL10 and the isogenic control virus are capable of infecting and replicating within the liver following i.c. infection (22) . Therefore, infection with the recombinant MHV-CXCL10 allows for the determination of the role of this chemokine in antiviral defense following infection of both the brain and liver. Instillation of MHV-CXCL10 into the CNS of SCID mice (BALB/c background) resulted in increased survival compared to that of mice infected with the isogenic control virus, MHV. These results are consistent with those of earlier studies, demonstrating that MHV-CXCL10 infection of Rag1 Ϫ/Ϫ mice on the C57BL/6 background also results in enhanced protection from disease compared to that of mice infected with an isogenic control virus (38) . Infection with MHV resulted in mortality at day 5 p.i., with 100% of mice deceased by day 7 p.i. (Fig. 1A) . In contrast, infection with MHV-CXCL10 prolonged survival, with the onset of death beginning at day 7 p.i. and 100% mortality being reached by day 10 p.i. (Fig. 1A ). Viral plaque assays of both brains and livers from infected animals revealed comparable viral titers in MHV-CXCL10-and MHV-infected mice at day 3 p.i. (Fig. 1B) . By day 5 p.i., viral titers in both tissues were significantly (P Յ 0.05) greater in MHV-infected mice than in MHV-CXCL10infected mice (Fig. 1B) . We have previously demonstrated that the enhanced survival and lower viral titers in mice infected with MHV-CXCL10 are NK cell dependent, as the depletion of NK cells eliminates these protective effects (38) . Further, there were no apparent differences in cellular tropism between MHV-CXCL10 and the isogenic control virus following CNS infection with glial cells (e.g., astrocytes, microglia, and oligodendrocytes containing viral antigen) (not shown).
The examination of livers at day 5 p.i. revealed that liver sections from MHV-and MHV-CXCL10-infected mice had considerable tissue damage compared to livers from uninfected mice ( Fig. 2F) . A diffuse interface hepatitis was present, centered on the portal tracts ( Fig. 2A to D). As indicated above, necrotic periportal hepatocytes mixed with a predominantly neutrophilic infiltrate were detected ( Fig. 2B and D) . In many cases, the portal vessels were obscured or obliterated. The surrounding viable hepatocytes appeared reactive, with various degrees of anisonucleosis and multinucleation. A lesser mononuclear infiltrate occasionally was present within the surrounding sinusoids. In gen- Fig. 2A and B ). In addition, MHV-infected mice exhibited significantly increased (P Յ 0.01) levels of sALT within the blood compared to those of MHV-CXCL10-infected mice, further supporting the presence of increased liver disease in MHV-infected mice ( Fig. 2E) .
NK cell infiltration and IFN-␥ expression.
Immunophenotyping of the cellular infiltrate revealed comparable total numbers of NK cells (determined by DX5 expression) infiltrating into the brain at days 3 and 5 p.i. between experimental groups (Fig. 3A) . In the liver, NK cell numbers were equivalent in MHV-CXCL10and MHV-infected mice at day 3 p.i. (Fig. 3D ), yet MHV-infected mice exhibited increased numbers of NK cells within the livers at day 5 p.i. compared to those of MHV-CXCL10-infected mice ( Fig. 3D ). The increase of NK cells infiltrating into the livers of MHV-infected mice most likely was due to the increase in viral titers in the animals at this time. These data indicate that the expression of CXCL10 enhances protection from brain and liver disease by limiting viral replication in a manner independent of NK cell infiltration.
In order to determine the mechanisms by which CXCL10 expression enhances survival without affecting NK cell infiltration, NK cell effector functions were analyzed. The expression of IFN-␥ by infiltrating leukocytes is important for controlling MHV replication within the brain (30, 38) . Intracellular staining for IFN-␥ on NK cells revealed significantly increased (P Յ 0.05) IFN-␥ levels in NK cells within the CNS of mice infected with MHV-CXCL10 compared to those of mice infected with MHV at day 5 p.i., although there were no significant differences between absolute numbers of NK cells expressing IFN-␥ within the brains of mice infected with either virus (Fig. 3B and  C) . In addition, mice infected with either virus had similar amounts of IFN-␥ and TNF-␣ protein present within the livers at day 5 p.i., as determined by ELISA ( Fig. 3E and F) . These data demonstrate that MHV-CXCL10 infection results in enhanced IFN-␥ secretion specifically in the brain but does not affect either IFN-␥ or TNF-␣ production in the liver, highlighting organ-specific determinants for cytokine secretion.
Cytolytic activity by infiltrating NK cells also might be important in controlling viral replication in either the brains or liver. However, there was no difference in intracellular granzyme B expression in NK cells isolated from either the brains or the livers of mice infected with MHV-CXCL10 or MHV (data not shown). These findings suggest that CXCL10 expression from the MHV genome does not regulate factors associated with NK cell-mediated cytolytic function.
NKG2D ligands are expressed in brain and liver following viral infection. Enhanced IFN-␥ secretion by NK cells within the brains of MHV-CXCL10-infected mice might result from the increased local expression of ligands capable of binding to NK cell-activating receptors such as NKG2D (8) . Therefore, we next employed quantitative real-time PCR to evaluate mRNA transcripts for the NKG2D ligands H60, MULT1, and RAE-1 within the brain and liver in response to infection with either MHV-CXCL10 or MHV. The expression of both H60 and RAE-1 transcripts was induced transiently to levels greater than those of sham-infected mice only at day 3 p.i. in brains ( Fig. 4A and C) , whereas MULT1 transcripts were increased at both days 3 and 5 p.i. in the brains of infected mice (Fig. 4B ). Elevated levels of transcripts for both H60 and MULT1 were detected in the livers of MHV-infected SCID mice at days 3 and 5 p.i., whereas transcripts for these ligands were induced above the levels for sham-infected mice at day 5 p.i. in the livers of MHV-CXCL10-infected mice ( Fig. 4D and E) . The levels of H60 transcripts in MHV-CXCL10-infected mice were decreased (P Յ 0.05) compared to the levels in MHV-infected mice at day 5 p.i. (Fig. 4D) . In contrast to the findings for the brain, RAE-1 was not induced above the level of expression in sham-infected mice in the liver at any time point examined following infection with either virus, indicating the differential transcription of NKG2D ligands within virus-infected tissue (data not shown). Furthermore, these findings suggest that CXCL10 does not modulate ligand expression within the brain, as no differences were noted between MHV-CXCL10-and MHV-infected mice, but CXCL10 might influence H60 and MULT1 transcription in the liver. NKG2D is expressed on NK cells infiltrating the brain and liver following viral infection. The ability of CXCL10 to modulate NKG2D receptor expression on NK cells infiltrating into infected tissue was analyzed. The average numbers of NKG2D-positive NK cells were equivalent in the brains of mice infected with either MHV-CXCL10 or MHV at days 3 and 5 p.i. (Fig. 5A ). In addition, there were no differences in the overall frequencies of NKG2D-positive NK cells, and the MFI of NKG2D on the surface of NK cells were equivalent between MHV-CXCL10-and MHV-infected mice within the brain at days 3 and 5 p.i. (not shown). Similarly, an examination of the livers of infected mice indicated no differences in numbers ( Fig. 5B) and frequencies (not shown) of NKG2Dexpressing infiltrating NK cells at day 3 p.i. (Fig. 5B ). However, by day 5 p.i. there was an increase in the number of NKG2Dpositive NK cells (Fig. 5B) and frequencies (not shown) to those of MHV-infected mice was observed. (E) However, MULT1 transcript levels were comparable between both experimental groups at day present in MHV-infected mice compared to those for MHV-CXCL10-infected mice that correlated with an increase in numbers of NK cells present in the livers (Fig. 3D ). An analysis of the MFI of NKG2D on NK cells infiltrating into the liver on days 3 and 5 p.i. indicates similar expression levels between MHV-CXCL10 and MHV infections (not shown).
Anti-NKG2D treatment does not influence disease. To further explore the possibility that NKG2D is important in amplifying NK cell responses that control viral replication and increase survival, mice were infected i.c. with MHV-CXCL10 and treated with a neutralizing, nondepleting anti-NKG2D MAb or a control rat IgG antibody. The administration of anti-NKG2D did not result in increased mortality compared to that for control-treated mice (Fig. 6A ). Viral titers in the brains did not differ between experimental groups at any time assayed, but anti-NKG2D-treated mice exhibited a significant (P Յ 0.05) increase in viral burden in the liver at day 5 p.i. compared to that of mice treated with rat IgG (Fig. 6B) . The average number of NK cells infiltrating into the brain was not affected by anti-NKG2D treatment (Fig. 6C ). However, there was an increase in NK cells present within the livers of anti-NKG2D-treated mice at day 5 p.i., but the difference was not significant (Fig. 6D ). An analysis of sALT levels determined that anti-NKG2D treatment did not enhance liver pathology in MHV-CXCL10-infected mice compared to that of controltreated mice (Fig. 6E ). In addition, histological sections of livers from antibody-treated mice revealed no differences in the severity of hepatitis between treatment groups at day 5 p.i. (data not shown). Binding of the neutralizing anti-NKG2D antibody CX5 results in receptor internalization, thus compromising signaling through NKG2D (25, 29) . Therefore, in order to confirm that the administration of anti-NKG2D to MHV-CXCL10-infected mice resulted in diminished NKG2D receptor expression, another anti-NKG2D MAb (MI-6) recognizing a different epitope of the receptor was used to quantitate the amount of NKG2D surface expression on NK cells by flow cytometry (16) . Mice were infected i.c. with MHV-CXCL10 and treated with rat IgG or anti-NKG2D CX5. MI-6 MAb staining demonstrated that anti-NKG2D CX5 MAb treatment decreased NKG2D surface expression on NK cells in all tissues analyzed at day 5 p.i., whereas treatment with control antibody did not diminish NKG2D staining (Fig. 6F) . Therefore, injection of anti-NKG2D MAb CX5 resulted in NKG2D internalization on NK cells. The above-described data demonstrate that NKG2D signaling has little effect on neurological disease and host survival but reduces the viral burden in the liver without significantly affecting NK cell infiltration or liver pathology.
DISCUSSION
NK cells display a diverse array of unique surface receptors that employ various mechanisms to facilitate the recognition of virally infected cells and to elicit the activation of antiviral effector pathways. Among these is NKG2D, which is a lectinlike stimulatory receptor that originally was described to be important in tumor cell recognition and immunity (2, 8) . However, NKG2D now is recognized to be important with regard to the regulation of lymphocyte responses in autoimmune diseases such as diabetes (28) , colitis (15, 17) , celiac disease (27) , and rheumatoid arthritis (11) as well as to participate in host defense following viral infection (7, 9, 18, 23-25, 33, 34) . Indeed, studies by Lodoen et al. and others have clearly demonstrated that NKG2D signaling on NK cells is critical for the control of the replication of MCMV lacking viral genes that can down-regulate the expression of RAE-1, H60 (24, 25) , and MULT1 (18, 23) . The secretion of IFN-␥ by NK cells is mediated in part by NKG2D signaling (24) . These findings have helped define signaling pathways used by NK cells that are important in controlling viral proliferation.
The present study was undertaken to extend our understanding of how localized expression of CXCL10 protects against virus-induced disease within the context of the innate immune response. We previously have reported that CXCL10 produced by the recombinant MHV-CXCL10 virus is protective following the infection of immunodeficient mice through the CXCL10-mediated attraction of NK cells into the CNS (38) . Indeed, blocking CXCL10 signaling or depleting NK cells resulted in increased viral titers within the brain. The present study was undertaken to extend our understanding of the underlying mechanisms associated with CXCL10-mediated protection following viral infection. Specifically, we were interested to determine if CXCL10 signaling enhanced the expression of NKG2D ligands or the NKG2D receptor on NK cells, which in turn might result in NKG2D-mediated NK cell activation and the subsequent control of viral replication. Our findings argue against a protective role for NKG2D in NK cell protection from disease following MHV infection of immunodeficient BALB/c mice. Although elevated mRNA transcripts specific for the NKG2D ligands H60, MULT1, and RAE-1 were detected in both the brains and livers of MHV-CXCL10infected mice, there were no overt differences between these mice and those infected with the isogenic control virus, MHV. Ligand transcript expression in the brains of mice infected with either virus indicated that levels of H60 and RAE-1 were and anti-NKG2D-treated mice at day 5 p.i. Anti-NKG2D-treated mice exhibited a statistically significant ( * , P Յ 0.05) increase in the viral titer (ϳ0.5 log 10 PFU/g tissue) in the liver compared to that of rat IgG-treated mice at day 5 p.i. NK cell infiltration was not affected in the brains (C) or livers (D) of anti-NKG2D-treated mice compared to that in tissues of control rat IgG-treated mice. Data are representative of two independent experiments with a minimum of four mice per group and are presented as the means Ϯ standard errors of the means. (E) Treatment with anti-NKG2D antibody did not affect sALT levels compared to treatment with the control rat IgG at day 5 p.i. sALT data are representative of two individual experiments with no fewer than three mice per treatment group. (F) Anti-NKG2D (gray-tinted line) treatment of MHV-CXCL10-infected mice resulted in decreased NKG2D cell surface expression (determined by staining with anti-NKG2D antibody MI-6) in the spleen, brain, and liver compared to the level of expression in rat IgG-treated mice (solid black line) at day 5 p.i. Cells treated with PE-conjugated streptavidin (black dashed line) were included as a negative control for comparison. Histograms are of representative mice from each treatment group. elevated early but declined at later time points, suggesting a rapid and transient expression profile in response to viral infection. In contrast, MULT1 transcripts were expressed at comparatively lower levels at day 3 p.i. but increased by day 5, supporting the possibility that the local production of cytokines enhances MULT1 expression. In contrast, RAE-1 transcripts were not detected within the livers of virus-infected mice. CXCL10 may suppress H60 expression, because the levels of transcripts were comparatively diminished at all time points examined compared to those of MHV-infected mice. Although MULT1 transcript levels were diminished at day 3 p.i. in livers of MHV-CXCL10-infected mice compared to those of MHVinfected mice, there were no differences in transcript levels at day 5 p.i. Collectively, these findings highlight differences in the tissue-specific expression of NKG2D ligands in response to coronavirus infection and suggest the potential for the CXCL10-mediated regulation of expression. More importantly, the administration of an NKG2D-blocking antibody did not affect NK cell infiltration into the brain or liver, and there was no increase in viral replication in the brain. However, anti-NKG2D treatment of MHV-CXCL10-infected mice did result in a significant increase in viral burden within the liver, demonstrating a partial role for NKG2D signaling in protection against MHV-induced liver disease. This is similar to infection with MCMV deficient in genes able to block the expression of the NKG2D ligands on MCMV-infected cells, in which NKG2D signaling augments IFN-␥ secretion by NK cells (24) . The underlying mechanisms by which NKG2D stimulates a protective response in the livers of MHV-infected mice remain to be determined. Moreover, our data suggest that CXCL10 influences NK cell-mediated IFN-␥ expression, as there was increased intracellular staining in NK cells present within the brains of MHV-CXCL10-infected mice compared to that for MHV-infected mice, yet there was no appreciable difference in NK cell accumulation in the CNS of the two treatment groups. However, we would caution against a general role for CXCL10 in amplifying antiviral effector responses, because we have recently determined that MHV infection of CXCL10-deficient mice does not result in deficient proliferation, trafficking, IFN-␥ secretion, or cytolytic activity by virusspecific T cells (35) .
In this study, we also determined that MHV-CXCL10 infection results in reduced liver pathology that is independent of NK cell infiltration and IFN-␥ and TNF-␣ secretion. In addition, this protection did not rely on NKG2D signaling. Previously, we showed that CXCL10 expression from MHV-CXCL10 infection is hepatoprotective in CXCL10 Ϫ/Ϫ mice. The reduced pathology was not due to the modulation of cell infiltration, IFN-␥ secretion, or hepatocyte prosurvival signaling through CXCR2 (41) . In the present study, the amount of hepatocyte necrosis, the degree of portal inflammation, and especially the degree of lobular inflammation were different between treatment groups, with overall less severe pathology observed in MHV-CXCL10-infected mice than in mice infected with MHV. Other pathological parameters were not noticeably different. Importantly, there was not a unique difference in the type of response between mice infected with either MHV-CXCL10 or MHV, just a difference in the severity of disease, which likely relates to the reduction of viral titers within tissues of MHV-CXCL10-infected mice. Both experi-mental groups showed hepatitis with primarily intra-and periportal inflammation as well as attendant necrosis. Taking the results together, these studies demonstrate that CXCL10 is hepatoprotective through a mechanism not dependent on T cells, NK cells, NKG2D signaling, CXCR2 signaling, or IFN-␥ and TNF-␣ secretion, and it is still under investigation.
In conclusion, the findings put forth support and extend earlier studies demonstrating that CXCL10 amplifies the innate immune response to viral infection, as demonstrated by prolonged survival and reduced viral titers in infected organs (38) . Additionally, the protective effect exerted by localized CXCL10 expression within the brain following MHV infection is not dependent upon NKG2D. In the liver, NKG2D only partially contributes to the control of MHV replication, although transcripts of the NKG2D ligands were clearly upregulated by MHV infection in both brain and liver. These data illustrate that NKG2D signaling on NK cells does not represent a universally evoked antiviral effector host defense mechanism but that NK cells are capable of responding to different environmental stimuli to control viral replication in different tissue environments.
